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A more particular object is to provide such methods and apparatus as improve the 
capacty, dens.ty, efficiency, ruggedness, and/or longevity of such digital data processing sys- 



terns. 

5 



Another object of the invention is to provide such methods and apparatus as can be used 
with a,r-cooling and more particularly, for example, forced air-cooling-as well as with other 
neat dissipation techniques. 

Still other objects of the invention are to provide such methods and apparatus as can be 
10 .mplemented at low cost using existing components, materials and/or fabrication techniques. 
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Summary of the Invention 

The foregoing objects are among those attained by the invention which provides, in one 
aspect, a circuit board assembly comprising a substrate with one or more circuit components 
5 mounted thereon. A cover or other member is disposed adjacent to the substrate and, for exam- 
ple, spaced therefrom so as to define a plenum. One or more heat sinks (or other heat dissipa- 
tive elements) are spring-mounted (or otherwise resiliently mounted) to the cover and, thereby, 
placed in thermal contact with one or more of the circuit components. 

10 The heat sinks are self-aligning, according to related aspects of the invention. Thus, 

they are disposed on the cover so that when it is coupled to the substrate (permanently, remov- 
ably or otherwise) the heat sinks come into thermal contact with the respective circuit compo- 
nents. According to further related aspects of the invention, the cover is a substantially planar 
member, such as, for example, a cold plate or other thermal conductor, that is sized to match 

1 5 the footprint of the substrate. 

Further aspects of the invention provide a circuit board or circuit board assembly of the 
type used, for example, with other circuit boards in a computer or other equipment chassis. A 
circuit board according to this aspect of the invention includes one or more flow-diverting ele- 
20 ments that define, at least in part, the board's impedance to air flow in the chassis. The flow- 
diverting elements are adapted so that the overall impedance of the board substantially matches 
that of one or more of the other circuit boards. 

According to related aspects of the invention, one or more of the flow-diverting ele- 
25 ments are adapted to shape an air flow pattern within a plenum, for example, of the type estab- 
lished between the circuit board and its cover. Moreover, the flow-diverters can serve as heat 
sinks mounted, for example, to the substrate, the circuit components or (as discussed above) to 
the circuit board cover. 

30 Still further aspects of the invention provide a circuit board assembly, e.g., of the types 

discussed above, in which cover is a substantially planar member with one or more structural 
elements that regulate shock and/or vibration in the cover and the circuit board. The structural 
elements may be rod-like or other elongate members, e.g., affixed to or incorporated into the 
planar member. Moreover, the structural members may be elongated heat sinks (or heat sinks 

35 of other shapes) that are coupled to the cover by spring-mounts, other resilient elements or 
otherwise. 
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In related aspects of the invention, the structural elements of the cover of a circuit board 
assembly as described above are adapted to control thermal and/or electromagnetic emission 
control, as well as shock and vibration. 

The invention provides, in yet other aspects, a circuit board for use in a chassis that has 
a plurality of board insertion slots. The board includes an air inlet edge through which cooling 
air flow ,s received and an air outlet edge through which the air flow exits. The edges fall for 
example, at the ends of a plenum defined, e.g., between the circuit board substrate and a cover 
as described above. A connector arrangement provides electrical, mechanical and/or other 
operational coupling between the circuit board and the chassis regardless of whether the board 
■s disposed in a slot on a first (e.g., upper) side of a source of cooling air for the chassis or on a 
second (e.g., lower) opposite side of that source. 

According to related aspects of the invention, the connector arrangement includes first 
15 (eg, upper) and second (e.g., lower) connectors. The first (e.g., upper) connector provides for 
example, electneal coupling between the circuit board and the chassis when the circuit board 
.. disposed in the slot on the first (e.g., upper) side of the source of cooling air. The second 
(eg, lower ) connector provides such coupling when the board is disposed in the second (e g 
lower) slot on the opposite side of that source. 

20 

Related aspects of the invention provide a digital data processor in a cabinet having for 
example, a central air inlet and a chassis with board insertion slots disposed on opposite sides 
of that inlet. Circuit boards, as described above, disposed in the chassis have connector arrange- 
ments that provide operational coupling regardless of which slots the boards are inserted into. 

Other aspects of the invention provide a circuit board having two parts, each with 
an air flow inlet edge through which cooling air flow is received and an air flow outlet 
edge through which the air flow exits. Each of these parts is disposed on opposing sides of a 
central source of cooling air for the circuit board. That source, according to related aspects of 
,0 the invention, is an air inlet incorporated into a panel that provides any of mechanical protec- 
tion and electromagnetic interference (EMI) protection when the circuit board is operationally 
coupled ,n a slot in a chassis. The inlet can be disposed centrally on the panel (e.g between 
the first (or upper) and second (or lower) board parts) and can be aligned with a corresponding 
air inlet on the chassis cover of a digital data processor into which the board is inserted 
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Brief Description of the Drawings 

A more complete understanding of the invention may be attained by reference to the 
drawings, in which: 

5 

Figures 1 A-1B depicts a circuit board assembly according to one practice of the inven- 
tion having multiple self-aligning heat dissipative elements (e.g., heat sinks) mounted by 
springs (or other resilient elements) on a cover; 

10 Figures 1C— ID depict circuit board assemblies according to the invention with com- 

bination thermal, shock, vibration, and/or electromagnetic compatibility (EMC) cover; 

Figure 2 A depicts a circuit board assembly according to the invention for use in a center 
inlet chassis; 

15 

Figure 2B depicts a center inlet circuit board assembly according to the invention; 

Figure 3A depicts a card cage for use with circuit board assemblies according to the 
invention; 

20 

Figures 3B-3D depict a card-cage according to the invention with integrated control 
and shaping of air resistance curve for multiple plenum chambers; 

Figure 3E depicts a chassis according to the invention comprising a plurality of card 
25 cages of the type depicted in Figures 3A-3D. 

Figures 4A-4C depicts a card cage support and circuit board assembly according to the 
invention with improved air flow sealing; and 

30 Figures 5A-5B depicts an air-cooled digital data processor according to the invention 

capable of operating with high inlet temperatures and high levels of shock and vibration. 



35 



6 



Express Mai! Label: EL 835 840 719 US 

Detailed Description of the Illustrated Embodiment 

Circuit Board Assembly with Integrated Air Plenum Chamber using 
Self Aligning Heat Sinks 

5 

Figures 1A depicts a circuit board assembly 100 according to the invention with an 
integrated plenum and with self-aligning heat sinks or other thermal dissipative elements (col- 
lectively, "heat sinks"). Illustrated assembly has a substrate 102 with chips and/or other circuit 
components (collectively, "components") 104 disposed thereon. Heat sinks 106, 122 are dis- 

10 posed on a cover 108 that is removably affixed to substrate 102 via mounts 110. As illustrated, 
for example, with respect to heat sinks 106, 122, these may be disposed on springs 112 or other 
resilient elements such that, as the cover is placed on the circuit board, the sinks come into 
thermal contact with the components 104 — with controlled positive pressure applied by the 
springs (or other resilient elements) to maintain that contact. Illustrated assembly 100 also 

1 5 includes a connector or connector array 1 20 through which the assembly achieves operational 
coupling, e.g., electrical, optical and/or mechanical coupling with a chassis or other structure 
in which the assembly is installed. 

In reading the discussion that follows, those skilled in the art will appreciate that the 
20 illustrated use of spring-mounted (or other resiliently-mounted) heat sinks differs from the 
prior art practice of permanently mounting heat sinks directly on the substrate 102 or compo- 
nents 104, and of the prior art practice of fabricating a monolithic heat sink that covers the 
entire board and that is machined to fit each component thereon. Of course, however, the illus- 
trated assembly may utilize heat sinks in accord with these prior art techniques, as well. 

25 

Illustrated substrate 102 comprises a conventional printed circuit board substrate sized 
in accord with well known IEEE 1 101.x or "Eurocard" 3U, 6U, 9U standards, or other standard 
or non-standard form factors known in the art. The substrate comprises plastic, resin, ceramic, 
metal and/or other material suitable for supporting components 104 and providing electrical 

30 coupling, through conductive vias or otherwise, therebetween. According to some practices of 
the invention, substrate 102 is formed of, or mounted on, a "cold plate" 1 14 or other thermally 
conductive material (such as, by way of example, copper, brass, aluminum, other metals, com- 
posites or compounds) suitable for drawing heat away from the underside (or "solder side") of 
the substrate 102 or mounted components 104. Illustrated cold plate 114 is of the variety 

35 having a plenum 116 (or plural plenums) through which cooling air (represented by arrows 
118) can flow. Solid cold plates or those without plenums (whether or not solid), or those of 
still other configurations, may be used in addition or instead. 
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Components 104 are selected and operated in accord with the digital data processing 
function of the circuit board assembly 100. This may be as a motherboard, coprocessor card, 
signal processing board, memory board, interconnect fabric, input/output board, and so forth. 
Selection, configuration and operation are per convention in the art, as modified in accord with 
5 the teachings hereof for thermal, shock, vibration, and/or electromagnetic compatibility 
(EMC) control. 

In preferred embodiments, the components 104 are mated with the substrate 102 in the 
conventional manner. As noted above, that substrate is formed of and/or mounted to the cold 

10 plate 114, thereby, providing a large path of heat dissipation and spreading. The internal thick- 
ness or structure of the substrate 102 and/or cold-plate 114 are machined or otherwise fabri- 
cated based on the mix of component densities and power levels in each region of the substrate 
102. Thus, for example, the plate thickness in regions beneath processors and other high- 
temperature components is adjusted to rapidly dissipate heat to the other regions. As discussed 

15 below, that heat is preferably removed via air flow through the cold plate plenum 1 16, which 
can form part of a leak-free air channel — ensuring the heat will be removed even more quickly 
by making efficient use of the available air flow. 

Illustrated cover 108 is a substantially planar (or otherwise-shaped) member removably 
20 (or otherwise) mounted on substrate 1 02 defining an integrated plenum 1 24 for cooling air 1 1 8 
on the topside (or "component side") of the substrate. In this illustrated embodiment, this is a 
metal cover of solid, hollow or other construction having a substantially like footprint (i.e., size 
and shape) as substrate 102 — downsized, upsized or otherwise modified as necessary to 
accommodate use or placement of the assembly 100 in a chassis or otherwise. Though con- 
25 structed of metal in the illustrated embodiment, in other embodiments it may comprise other 
materials, thermally conductive or otherwise. 

Mounts 110 can be screw-mounts or other structures suitable for affixing cover 108 to 
substrate 102, directly, via rotation or otherwise. Such affixation can be permanent, though, 
30 preferably provides for detachment or at least partial removal (e.g., via rotation) of the cover, 
e.g., for inspection and/or repair of the components. 

Illustrated heat sinks 1 06, 1 22 are thermal conductive and/or dissipati ve elements of the 
type known in the art. These may be passive elements (e.g., such as cold plates or fins) fabri- 
35 cated of copper, brass, aluminum or other metals, composites or compounds or active elements 
(such as micro-fans). Though disk-shaped and stepped heat sinks are shown in the drawing, it 
will be appreciated that sinks of any other shape or configuration may be used in addition or 
instead. These heat-sinks may be of commodity or custom design. As in the case of elements 

8 
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106, a single heat sink may be provided for each component 104 expected to generate substan- 
tial heat during system operation or susceptible to failure or degradation on account of such 
heat. Alternatively, a single heat sink may be provided for multiple components, as in the case 
of heat sink 122. 

5 

Regardless, the heat sinks 106, 122 are provided with a surface suitable for thermal 
coupling with its respective component(s) 104. This may comprise a smooth, ridged or knob- 
bly surface, or otherwise. The surfaces of sinks 106 may also be contoured, as desired, to 
insure more accurate registration between each sink 106 and its corresponding component 104. 
1 0 A thermal interface material can also be combined with or applied to the sinks to facilitate reg- 
istration and/or thermal coupling. 



Though the illustrated embodiment contemplates thermal coupling via surface contact 
between the lower surfaces of heat sinks 106 and the upper surfaces of the respective compo- 
1 5 nents 1 04, other contact/coupling may be provided instead or in addition. In the case of micro- 
fans, such an interface may not be necessary, though suitable means may be provided for 
directing the action (e.g., suction or blowing) of such element to the respective component 
104. 



20 Illustrated heat sinks 1 06, 1 22 are disposed on springs 1 1 2 such that, as the cover is put 

into place the sinks come into thermal contact with their respective components 104, thereby, 
facilitating manufacture of the assembly 100. Heat sink 122 may, too, be spring-mounted,' 
though this is not shown in the drawing. In the illustrated embodiment, the springs themselves 
are affixed to the cover (and, in turn, the sinks mounted on their respective springs) so as to 

25 insure that the sinks 106, 122 are self-aligning or will otherwise maintain alignment with their 
respective components 104 as the cover 108 is affixed into place on substrate 102 and, prefer- 
ably, through repeated removals and reaffixations of the cover on the substrate. Affixation of 
the springs 1 12 to the cover 108 (and, in turn, affixation of the heat sinks 106 to the springs) 
may be via screws, adhesives, friction fit, integral molding, or otherwise, although since the 

30 springs and mounts may be an EMI ground bonded to the cover, appropriate materials must be 
selected. 



One or more springs can be provided for each heat sink, with the characteristics of each 
spring selected to meet operational constraints. These springs maintain a load on the heat sink 
35 and component interface without exceeding the maximum load of the component dies. Further 
stability and greater assurance of thermal contact between the sinks 106 and components 104 
may be gained through use of more springs of greater spring constant k. Alternatively, or in 
addition, springs of larger cross-section surface area may be employed. Though springs are 

9 
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used in the preferred embodiment, those skilled in the art will appreciate that mechanisms and 
materials exhibiting spring-like qualities-e.g., of resilience and of applying a positive con- 
trolled pressure between the heat sinks and the components in which they are in thermal con- 
tact-may be used instead. Such mechanisms and materials are referred to throughout this 
document as "resilient elements," and components mounted thereon are referred to as "resil- 
iently-mounted." 

As discussed below, in addition to drawing heat away from the substrate 1 02 cold plate 
114 and/or circuit components 104, the heat sinks may shape the air flow patterns within 
plenum 124, e.g., so as to divert air flow to/from components 104 or regions of the board 
requiring greater/less air flow. Other features built directly into cover 108 can also shape the 
air flow patterns. 

A further appreciation of the construction of circuit board assembly 100 may be had 
through reference to Figure IB, which shows the assembly in a partially disassembled form 
As illustrated, attached to cover 108 are heat sinks 106, 122, the former via springs 1 12 (or 
other resilient elements). Conversely, mounted on substrate 1 02 are components 1 04 Though 
shown as affixed to cover 1 08, mounts 1 10 may be affixed to that to substrate 1 02, or otherwise 
Conversely, while circuit board connector or connector array 1 20 can be mounted on cover 1 08 
in the illustrated embodiment, they are affixed to the substrate 102, the connector and substate' 
attached via a cable, circuit card, or other means. 



35 
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Circuit Board Assembly with Integrated Shaping and Control of Flow 
Resistance Curve 



Circuit board assembly 100 is intended for insertion in a covered chassis or "cabinet" 
5 along with one or more other circuit board assemblies, though, those skilled in the art will 
appreciate that the features discussed herein are applicable in other environments as well (e.g., 
those including no chassis and/or other assemblies). The assembly 100 can, according to one 
practice of the invention, include integrated features, as detailed below, for control of the 
assembly's air flow resistance curve and for shaping of air flow patterns within plenum 124, 
1 0 e.g., so as to divert air flow to/from components 1 04 or regions of the board requiring greater/ 
less air flow. 



Referring, again, to Figure 1A, in the illustrated embodiment, impedance presented by 
assembly 100 to air flows 1 1 8 in such a chassis— or otherwise in the environment surrounding 
1 5 the board (e.g, if not disposed in a chassis)— is preferably matched with other circuit board 
assemblies in the cabinet. This assures, with a known overall air flow, that board 100 will 
receive a predictable air flow, regardless of what other boards are present at any given time and 
regardless of where (e.g, in which slots) those other boards are positioned. 

20 In alternate embodiments, the impedance presented by assembly 1 00 to air flows 1 1 8 is 

sized in relation to those of the other boards, though, is not necessarily set to match them. 
Thus, by way of example, an assembly 100 may be configured with I0 0 /<r-80% less (or greater) 
impedance than the other circuit board assemblies, depending on the power dissipation and 
number of components 104 carried it. For example, the mechanisms discussed below may be 

25 employed to increase the impedance of a board that has fewer components and that would oth- 
erwise have less impedance, say, than boards with more components. This can be useful in 
environments where a single cabinet is expected to house boards of two or more types, e.g, 
some requiring greater air flow. 

30 In the illustrated embodiment, the impedance presented by assembly 100 to air flows 

1 1 8 can be managed by adjusting the thickness, the features on the inside surface, and the size 
of cover 108, substrate 102 and/or cold plate 114 (if any) on which the substrate is mounted or 
of which it is formed, as well as by the relative spacing of these structures, the placement and 
sizing of components 1 04, heat sinks 106, and mounts 1 10. This is likewise true of the air flow 

35 patterns within the plenum 1 1 6 and in the 1 24 plenum defined between cover 1 08 and substrate 
102 of circuit board assembly 100. 
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According to one practice of the invention, cover 108 is preferably dimensioned and 
spaced-apart from substrate 102 such that assembly 100 presents an impedance to air flows 118 
somewhat below a target value that is selected to substantially match (e.g., to fall within Wo- 
2%, 0%-5%, 0%-10% or 0^20% or other ranges, depending on operation requirements) or 
be sized in relation to that of other boards in the cabinet. That impedance is then "finely tuned" 
to the target and air flow patterns within plenum 124 adjusted by inclusion of air-flow diverting 
structures mounted on substrate 1 02, cover 1 08, or otherwise within (or adjacent to) the plenum 
124 and 1 16. 



Heat sink 122 (which otherwise serves to draw heat from components 104) serves this 
purpose in the illustrated embodiment, though in other embodiments other structures (heat dis- 
sipative or otherwise) may be used, in addition or instead. To this end, the sink 122 or other 
flow-diverting structures are placed at or near an air flow inlet of plenum 124. Other embodi- 
ments may, instead or in addition, incorporate such sinks or other structures at or near an outlet 
1 5 of the plenum (e.g., to create more pressure drop within the plenum 124) and/or at other loca- 
tions within the plenum. Examples of the latter include heat sinks 106. A cover that utilizes 
other structures-particularly, apertured endpieces 108d, 1 08e— at the inlet and outlet for pur- 
poses of tuning impedance and/or diverting airflow within the plenum is shown in Figure ID. 
These tuned apertured end-pieces can form part of and stay with the circuit board assembly 100 
20 and, thus, for example, the assembly 100 can be removed from a chassis and replaced with a 
different such assembly (e.g., having a different tuned impedance) without substantial changes 
to the card cage or chassis. 

Regardless, the heat sinks or other the flow diverting structures are positioned, sized 
25 and shaped to tune the overall air-flow impedance of the assembly 1 00 to the target value, as 
well as to effect a desired flow pattern within plenum 124 (e.g., so as to divert air flow to/from 
components 1 04 or regions of the board requiring greater/less air flow). By one practice of the 
invention, this is done empirically, with measurements of air-flow impedance and air-flow 
being determined using an air-flow chamber and an air-flow meter. Alternatively, or in addi- 
30 tion, positioning, sizing and shaping of the sinks or other flow-diverting structures' can be per- 
formed with a computer aided design modeling program, or otherwise. 



35 
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Circuit Board Assembly with a Combination Thermal, Shock, Vibration, 
and/or Electromagnetic Compatibility Cover 

As evident in the discussion above and, further, in that which follows, circuit board 
assembly cover 108 is configured to provide thermal, shock, vibration, and/or electromagnetic 
compatibility (EMC) control through use of mounts 1 10, heat sinks 106, 1 22 and/or further 
structural members that are incorporated into cover 108. 

Referring to Figure 1C, supports 1 10 are fabricated into cover 108 or affixed thereto by 
10 adhes,ves, rivets, screws or other affixation means known in the art. The number, dimensions 
and structure of the supports 1 .0, as well as the materials out of which they are fabricated are 
selected to regulate shock and/or vibration in the assembly 100 in accord with the layout rigid- 
■ty and other characteristics of the board (e.g., substrate 102 and cold plate 1 14, if any) with 
which the cover 108 is used and of the expected operational environment of the assembly 100 
15 By one practice of the invention, such selection is performed empirically, while in other 
embod.ments it is performed using computer aided design modeling program, or otherwise, of 
the type known in the art. 

In the illustrated embodiment, the supports 1 10 are annular metal peg-like structures 
20 formed mtegrally with the cover 108 and suitable for screw-mounting cover 108 to the sub- 
strate 1 02 and/or cold plate. Two rows of those supports 1 10 are provided, as shown, consistent 
w,th the layout of the components 1 04 on the substrate 102. Again, other embodiments may 
use supports of other shapes and configurations, e.g., consistent with the discussion herein 
chosen ether for mounting air-flow shaping and/or EMI considerations. Likewise, support' 
25 materials other than metal may be used, such as, plastics, elastomers, and/or compound struc- 
tures (such as air-filled plastic "balloons'-)-although a metallic material would typically be 
chosen for grounding and EMI reasons. 

In addition to controlling shock and/or vibration, supports 1 10 can be arranged to con- 
,0 tro. electromagnetic emission from the assembly 100, e.g., by spacing them appropriately in 
selected regions of the board. Thus, for example, the supports can be formed into supportive 
endpieces 108a, ,08b of the cover .08, blocking emissions from the respective regions of the 
board and providing further shock and/or vibration control. If placed in thermal communica- 
tion with substrate 102 and/or cold plate 114 metal and nthm- th.™,!! , a .• 
,c inRa mfi . IWW „ . , P m% metal and other thermally conductive supports 

35 108a, 108b, 1 10 (collect, vely, 1 10) can, moreover, draw heat away from the board and its com- 
ponents 104. Likewise, the tuned apertured end-pieces 108d and 108e can also serve to control 
electromagnetic emission from the respective regions of the board and/or to provide further 
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shock and/or vibration control. In addition, localized EMI containment "boxes" can be formed 
in cover 108 to surround components on substrate 102. 

Incorporation and/or affixation of heat sinks 106, 122 to cover 108 provides further 
5 control of shock, vibration, temperature and electromagnetic emission. For example, when the 
cover 108 is mounted on substrate 102, the heat sinks flush with the cover 108, as well as with 
the component in which they are in thermal contact, thus, providing reinforcement against 
shock and/or vibration. 

10 In addition to airflow diversion, as discussed above, the sinks 106, 122 are placed to 

optimize drawing excess heat from the substrate 102 and /or directly from components 104. 
Consistent with the principles above, the dimensions and configuration of heat sinks 106, 122, 
as well as the materials out of they are fabricated, are selected to regulate shock, vibration, 
temperature and electromagnetic emission in accord with the characteristics of the cover, the 

1 5 board (e.g., substrate 1 02 and/or cold plate 1 1 4) and the expected operation environment of the 
assembly 100. In the illustrate embodiment, such selection is performed empirically, while in 
other embodiments it is performed using computer aided design modelling programs, or other- 
wise. 

20 Illustrated cover utilizes further structural members 108c for additional shock and 

vibration regulation. These add structural rigidity to the cover 108 and may be formed inte- 
grally with or affixed to it. A cross-shaped member 108c is shown in Figure 1C, those skilled 
in the art will appreciate that any manner of structures may be formed with or affixed to cover 
108 in order to enhance shock and vibration regulation. Examples include individual rod-like 

25 members (e.g., of the type that make up the cross-shaped member 1 08c) and/or elongate mem- 
bers (e.g., endpieces 108a, 108b, 108d, I08e) attached to or formed integrally with an upper or 
lower surface of the planar cover 108. Alternate examples include the use of such or other 
members within the cover 108 itself. These internal members can also be used to control air 
flow in 124. 

30 

As above, the dimensions and configuration of further structural members 1 08c, as well 
as the materials out of they are fabricated and integrated into cover 1 08, are selected to regulate 
shock and vibration in accord with the characteristics of the cover, the board (e.g., substrate 1 02 
and/or cold plate 1 14) and the expected operation environment of the assembly 100. In the 
35 illustrated embodiment, such selection is performed empirically, while in other embodiments it 
is performed using computer aided design modelling programs, or otherwise. 
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Circuit Board Assembly for use in a Central Inlet Chassis Configurate 



tion 



10 



A circuit board assembly of the type discussed above can be mounted in a cabinet along 
with one or more other circuit board assemblies, in the manner shown in Figure 2A. That 
drawing shows six such assemblies: three 202, 204, 206 in upper chassis slots and three 203 
205, 207 in lower chassis slots. Each of the assemblies 202-207 is constructed in the manner of 
assembly 1 00-though they do not all necessarily include the same circuit components 1 04 nor 
carry out the same digital data processing functions. Thus, for example, the assemblies include 
circuit boards (e.g., substrates and cold plates, if any) with integrated plenums 1 16 and/or 124 
on which components are mounted. Examples of these are denoted as 203a (board and compo- 
nents) and 203b (cover forming plenum 124), the latter of which is shown in partial transpar- 
ency for convenience. In addition, each assembly includes a panel for mechanical and 
electromagnetic interference (EMI) protection post-insertion. An example of this is denoted as 



203c 
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The assemblies are mounted in a cabinet, only air inlet grill 208 and electrical connector 
arrays 210, 212, 214 of which are shown. A more complete illustration of a preferred cabinet is 
prov,ded in Figure 5, et seq. and described below in the accompanying text. Referring back to 
Figure 2A, in a preferred embodiment, the grill 208 forms part of the front cover of the cabinet 
20 and is generally disposed centrally between the upper assemblies 202, 204, 206 and the lower 
assemblies 203, 205, 207, in the manner indicated in the drawing. This central location e g 
between assemblies 202 and 203, allows flow 216 to enter plenums 124 (and 116) of both 
assemblies 202, 203, concurrently in the common chassis in which they are disposed. Though 
such a configuration facilitates drawing air from the ambient environment for distribution to 
25 and cooling of, the assemblies, the grill 208 can be positioned elsewhere-preferably so long 
as cooling air is available to be drawn over the air flow impedance-matched (or -regionally 
s.zed) assemblies, e.g., as illustrated with respect to assemblies 202, 203 by flow arrows 216 
And, though a regular aperture pattern is shown for grill 208, an irregular pattern may be used 
as well, e.g., ,n order to achieve desired air flow shaping or impedances, as can be determined 
0 empmcally, through use of a computer aided design modelling programs, or otherwise. 

According to a preferred practice of the invention, the assemblies 202-207 are each 
fabricated for insertion and operational coupling (e.g., electrical, optical and/or mechanical 
coupling such as alignment pins) in either the upper or lower chassis slots of a chassis having 
5 centrally disposed air inlet grill 208. Thus, though shown in an upper slot, assembly 202 can 
be rotated 1 80° and inserted for operation in a lower slot, as well. Conversely, though shown 
in a lower slot, assembly 203 can be rotated 1 80° and inserted for operation in an upper slot 
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This is achieved in some embodiments, by sizing and/or arranging each assembly's 
respective parts (e.g., cover, substrate, componentry, flow-diverting elements, etc.) so that the 
assembly presents substantially like impedances and air flow patterns (e.g., within plenum 124) 
regardless of which edge of the assembly (e.g., top edge or bottom edge shown in Figure 2A) 
5 serves as an inlet or outlet for cooling air within the chassis, and so that the assembly achieves 
the necessary electrical and mechanical coupling regardless of whether it is inserted in an upper 
or lower slot. 

The assemblies of the illustrated embodiment do not present such symmetry of imped- 
10 ances and air flow patterns (e.g., on account of asymmetry of flow-diverting element or other 
part placement within each assembly). These assemblies 202 - 207 require that cooling air flow 
be received along one edge (e.g., bottom edge of assemblies 202, 204, 206 and top edge of 
assemblies 203, 205, 207). In such an embodiment, the flexibility to insert any given assembly, 
e.g., 202, in either an upper or lower chassis slot is achieved by inverting the connector sockets 
15 (not shown) in the chassis connector array 210. Thus, for example, if the connectors sockets 
202d, 202e for circuit board assemblies in the upper slots are oriented with specific pins on the 
bottom, the corresponding sockets 203d, 203e for assemblies in the lower slots are oriented 
with those same pins on top. Thus, regardless of which slot an assembly, e.g., 202, is inserted, 
its connectors can necessarily be oriented to mate with the socket(s) for that slot. Other 
20 embodiments could, for example, use pairs of connectors on each assembly, with one member 
of each pair going active depending on which slot (upper or lower) the assembly is inserted 
into. 



25 
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Central Inlet Circuit Board Assembly 

Figure 2B depicts an alternate configuration of a circuit board assembly of the type dis- 
cussed above. That drawing shows four such assemblies, here, identified as 202' 203' 204' 
5 205'. These are constructed and operated to like-numbered (sans primes) elements 202-205 of 

ZVt CXCePt " ^ be '° W - ^ f ° r CXamp,e ' 35 ab0ve each of assemblies 
202 -205 ,s constructed in the manner of assembly 100-though they do not all necessarily 

include the same circuit components 104 nor carry out the same digital data processing func- 
hons And, as above, the assemblies include circuit boards (e.g., substrates and/or cold plates) 
1 u on which components are mounted and covers. 

Unlike the configuration of Figure 2A, the assemblies are mounted or otherwise formed 
■n pa,rs 202', 203' and 204', 205'-or larger groupings-on boards 2 1 8, 220, respectively as 
^ shown. These boards 218, 220 are well suited for large format factors such as the IEEE 1 ioi 
15 or Eurocard 9U standards, or other standard or non-standard large-form form factors and 
accordingly, labelled below as "large format" assemblies. Those skilled in the art will of 
course appreciate that the teachings with respect thereto can be equally applied to smaller 
format factors such as IEEE or Eurocard 6U standards, or other standard or non-standard 
smaller-form form factors, and below and, hence, that the label selected is merely for conve- 
20 nience and not to be treated as limiting. 

As above, in the illustrated embodiment, the large format assemblies 218 220 are 
mounted ,n a covered chassis or cabinet (not shown), only air flow inlet grill 208 and electrical 
connector arrays 210', 2,2' of which are shown. Grill 208 is positioned and functions identi- 
25 cally as discussed above and is labelled the same accordingly. Connectors arrays 2 10' 212'are 
likew.se constructed and operated identically to arrays 210, 212 discussed, albeit in the illus- 
trated embodiment arrays 210 need not (but can) accommodate assemblies (or boards) that can 
be • fl.pped over" in the manner of assemblies 202-207, discussed above. A more complete 
illustrator ,ofa preferred chassis is provided in Figures 3, et sea. andS.e,™, and described 
below in the accompanying text. 

Rather than providing a panel, e.g., 203c, for mechanical and electromagnetic interfer- 
ence (EMI) protection on each sub-assembly 202'-205', a single such panel is provided for the 
each entire large format assembly 218, 220. An example of this is denoted as 218c. Such a 
35 pane 218c can include an integral grill portion 218g mounted adjacent to, for example, any 
grill 208 provided for the cabinet as a whole and serving the same purpose as that grill 208 
Thus, the integral grill portion 21 8g is generally disposed centrally between the sub-assemblies 
pairs 202', 203' and 204', 205' that make up each large fonnat assembly and is generally 

17 
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aligM d wi.h .he chassis air flow inle, gril. 208 .hrough which airflow 2.6 en.ers. As above, 
Z# such a conngurafton faci,Ua.es drawing air from ft. ambien, env,ronmen, d-n£ 
t„t and coolingof, ,he sub-assemblies, ,he grid portion 2, 8g can be pos.noned eisewhere. 

,„ som e embodiments, .he sub-assembly pairs 202', 203' and 204', 205' are formed 
independen.lv of-and, .hereafter, mourned ,c^he respective "•.^-"^ 
220 respective*. Preferably, however, .he pairs ana a. leas., ,n pan, ,n,egral to .he mspecve 
17L JLbta. Thus, for example, sub-assemblies 202', 203- share a common rt- 
sX ld/o, cold pla.e with .he large fonna, assembly 2,8. Regardless, .he large, f m, 
ZZ can include cimni, component, e,.. 222, and o.he, element separa,e from .hose 
provided on the respective assembly pairs. 

Although in some embodiment, each sub-assembly 202--205' includes a connector for 
anachme!. .0 he ms^cive connecor array 2,0- (sub-assemblies 20r-20r) and 2,2 (suh- 
204 -205 ) in ,he illustrated embodimen,, a single se. of connectom are provided 
' I " Tar^Ua. ssembly. One such se, is deno,ed as 2.U Though .ha. illume d se, 
I w eleU gmater or fewe, element se, may he provided-which e,e = y . 
need no.) con^spond ,o .he assemblies ,ha, make up ,he respeenve large fonna, assembly 2, 8. 
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Card-Cage with Integrated Control and Shaping of Flow Resistance 
Curve for Multiple Plenum Chambers 

A "card cage" or other portion of a chassis for mounting circuit board assemblies 
5 202-207 can be fabricated in any manner or configuration known in the art. One such cage 
302, of the type fashioned from sheet metal members, extrusions, mill products, or other elon- 
gate members 304, brazed, screwed or otherwise fixed into a frame-like structure, is shown in 
Figure 3 A. Cages of this type are characterized by open spaces 306 between inserted assem- 
blies, e.g., 202, 204, through which air may flow — as indicated by flow arrows 308a, 308b. 

1 0 Other card cage assemblies or chassis arrangements of this or other types known in the art may 
be used as well or instead. These cages can be used in an open rack configuration or, prefer- 
ably, as part of a covered chassis or cabinet, for example, as shown in Figures 5A-5B, with one 
(or more) cage(s) positioned in an upper portion of the chassis (i.e., forming upper board slots) 
and one (or more) other cage(s) positioned in a lower portion (i.e., forming lower board slots). 

1 5 Those skilled in the art will appreciate that the cages can be fabricated integral to such chassis 
or fabricated separately. 

In a preferred embodiment, a card cage 3 10 as shown in Figure 3B is used. Unlike the 
cage 302, cage 3 10 has integrated features, such as the surfaces and apertures discussed below, 

20 that permit air flow only through inserted circuit board assemblies 202-207 and, more particu- 
larly, through any plenum (e.g., 124) defined between the cover and board of each respective 
assembly and any plenum (e.g., 1 1 6) in a cold plate on which the board is disposed or formed. 
More generally, those features provide for control and shaping of flow resistance of the assem- 
blies 202-207 mounted therein. This is likewise true if used with prior art circuit boards insofar 

25 as the 3 1 0 cage limits air flows entering and exiting at the edges of those boards and, more gen- 
erally, within the cage as a whole; though a more full benefit of the card cage 310 is attained 
when used with assemblies such as 202-207. 

Referring to Figures 3B and 3C, cage 310 has surfaces 312, 314 with guides 316 for 
30 the circuit board assemblies and/or circuit boards. The guides 316 comprise channels of 
U-shaped cross-section (though other shapes may be used instead) in which the assemblies 
202-207, 218, 220 are slidably received. Apertures 318 are disposed in surface 312 of the 
channels above the locations where the upper edges of the respective assemblies and/or boards 
will reside upon insertion in the slots. Such apertures 318 are likewise disposed in surface 314 
35 of the channels and below the locations of the lower edges of the inserted assemblies and/or 
boards. Figure 3C is a plan view of the underside of surface 314. Apertures 318 are visible 
from this perspective, though (of course) guides 3 1 6 are not. Also visible are the bottom edges 
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of the cage sides 320 (if any) in the vicinity of surface 3 14 and the plenum 322 (if any) formed 
thereby beneath that surface. 

In the illustrated embodiment, the apertures 318 are sized to present equal impedances 
5 to air flow entering and exiting the card cage 310 and to pass like volumes of air to each 
inserted assembly or board. In alternate embodiments, the impedances of the respective slots 
are adjusted in accord with requirements of the assemblies/boards that will reside in the slots, 
e.g., in accord with principles discussed above in connection with varying the impedances pre- 
sented by the assemblies 100 themselves to air flows. Apertures that are or will be occupied by 
10 no assembly or board are covered. Apertures could be of different physical size without 
impacting the ability to adjust their impedance. 

Illustrated cage 310 includes a left-side structural member 323 providing spacing and 
support for surfaces 3 1 2 and the sides 320 that support them. A corresponding right-side struc- 
1 5 tural member (not shown) can be provided as well, e.g., in configurations where the cage 3 10 is 
fabricated as a module separate from any chassis in which it may be embodied. In some 
embodiments of the invention, structural members 323 and/or sides 320 are not used. Instead, 
the surfaces 312, 314 are fabricated integral to the chassis and/or fabricated separately and 
affixed thereto. 

20 

Referring to Figure 3D, in operation of a digital data processing or other apparatus 
utilizing cage 310, cooling air drawn in from the ambient environment (e.g., via grill 208) or 
otherwise, passes through slots in surface 314, through the assemblies' plenums (or around the 
boards, in case of boards without plenums), and exits through slots in surface 312. That exit 
25 may be to the environment outside the chassis or, for example, merely to another region within 
the cabinet — e.g., a plenum leading to fans or other air movers for the cabinet. Those skilled 
in the art will, of course, appreciate that the flow of cooling air could be reversed without 
deviation from the spirit of the illustrated embodiment or of the invention. 

30 According to a preferred practice of the invention, cage 310 is manufactured by dip 

brazing or vacuum brazing of aluminum, or other metals or composites (with corresponding 
manufacturing techniques being applied to such other metals or composites), so as to ensure an 
air tight junction between the surfaces 312, 314, guides 316 and any sides 320 so the majority 
of available air flows through apertures 3 1 8. More generally, it insures that available air flow 

35 into the card cage is evenly or otherwise predictably distributed through the circuit board 
assemblies in accord with their respective air-flow impedances. Dip or vacuum brazing also 
contributes to the structural integrity of the cages, e.g., for protection against damage from 
shock or vibration , and facilitates EMC control. 

20 
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Those skilled in the art will appreciate that the air- and electromagnetic interference- 
tight seal of dip or vacuum brazing can be achieved by other techniques, as well. Thus, for 
example, surfaces 312, 314, guides 316 and any sides 320 may be affixed to one another via 
welding, soldering, epoxies, or other adhesives. They may, as well, be bolted or otherwise 
affixed together, e.g., so long as a sealed plenum chamber is achieved. Moreover, the cage 310 
can be milled from block. Plastics or other materials (composites, laminates or otherwise) may 
be used instead of metals, e.g., to the extent that their fabrication insures air-tightness and/or 
even or otherwise predictable air flow distribution and to the extent that they provide the requi- 
site structural integrity and EMC control. 



10 



As above, card cage 3 10 can be used in an open rack configuration or, preferably, as part 
of a covered chassis, for example, as shown in Figures 5A-5B, with one (or more) cage(s) 
positioned in an upper portion of the chassis (i.e., forming upper board slots) and another posi- 
tioned in a lower portion (i.e., forming lower board slots). Though in the embodiments of 
1 5 Figures 3B-3D cage 3 1 0 is fabricated separately from a covered chassis in which it is used, it 
can be fabricated integral to the chassis, as well. 

Such a configuration is shown in Figure 3E, where cages 310a-310d are formed inte- 
gral to a chassis 324, as shown. Each cage includes portions that correspond to surfaces 312 

20 and 314 and that are labelled according, to wit, as 312a, 314a, 312b, 314b, and so forth. The 
cages are positioned so that upper and lower cages 310a, 310b are separated by a region 326 
corresponding to the position of grill 208 on doors, covers or panels (not shown) placed on the 
front of the chassis 324. Upper and lower cages 310c, 310d are separated by a like region 328. 
Moreover, the pairs of cages 3 10a, 3 10b and 3 10c, 3 lOd-which will hold assemblies 202, 203 

25 and 204, 205, respectively, are separated by a region that will hold large format assemblies, 
such as 2 18, 220. 

The chassis 324 is fabricated from elongate members and panels of aluminum or other 
metal, positioned and tacked in a configuration as shown. Per a conventional vacuum brazing 
30 process, a braze alloy is applied to the members, which are then treated in a vacuum furnace. 
Alternatively, the elongate members and panels are joined and brazed in accord with a conven- 
tional dip brazing process. Of course, where metals, composites or other materials are used 
that are not amenable to brazing, appropriate corresponding manufacturing techniques are 
employed. 

35 



21 



10 



15 



Express Mail Label: EL 835 840 719 US 

Circuit Board Assembly Installation and Sealing into the Air Plenum 
Chamber of a Card-Cage 

Assemblies 202-207 and large forma, assemblies 218, 220 can be sealed and main- 

XT: card , case 3 ' 0, chaKis 324 ° r ° ,her card ~» ' *- 3 r g 

nabber, Vomers, nylon, wedge-locks and other conventional means known in ,he an ,„ 
pre erre embodimen,, a seal is established ,o provide improved thermal, shock, vibration 
and/or electromagnetic compatibility (EMC) control. 

U sh J, ,hiS ref Ti." S '° F ' 8Ure 4A ' " "° ,ed 3bOVe gUidK 316 b of 

abt H r y reCe ' Ved ' ^ inner di ™ nSi0nS ° f <*-* -e prefer- 

ably stzed ,n accord w,«h the dimensions of the edges of circuit board assembly eg 202 

whtch they contact upon sliding insertion of the assembly into the cage 3,0. Of course' such 
stzmg must take into account manicuring tolerances, desired ease of insertion, expected 
thermal expansion, and so forth. 



The assembly-contacting surfaces 402, 404 of guides 316 are metal, e.g., aluminum 

20 EMI gaskettng may be used. ■„ this regard, the guides can be fabricated entirely from such 
meta, or theycan be fabricated f™m a combination ofother materials and provided vviJco. 
ng o, lammate (e.g., Teflon, nylon, etc., on surfaces 402 or 404. Likewise, illustrated 
board assembly 202 inCudes meta, on surfaces 406, 408 ma, contact surface 402, 404 tZ 
ttve.y. The surfaces 406, 408 can be formed integral with any meta, eo,d plate , ,4 inci deoTn 

IT f/° \7 ' hey Ca " C ° mprise a me,a,izcd layar " — «^ » - on 

cold plate 1 ,4and/„r cover ,08 and/or substrate 102 making up the assembly 202. 

While the surfaces 402-^08 can be fabricated a. right angles to their neighboring edges 
^P">-.herway,so,hat S u rf ace S 402,404 a ,epara.,el,o„„ea„o,hera„dsufaces4L^ 

406 «, 408) so as ,„ ease a, leas, initial sliding insertion of the assembly 202 into guide 
a 6 and ,„ tnsure ttghmess of fi, upon final insertion. This is represented in the drawing h 

gh, cantmg of dlustrared upper, uide 3,6. This can he a, any ang,e 0 that achieves the fi^e 
gotng, e.g., or ex»p,e, between .5° and ,0- and, more typically, between 2° and 4- for a 
35 onventtona ctrcut, hoard, as determined empirically a„d,or through use of a computer aided 
design modelling program. 
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In addition to, or instead of, canting guide 316, the spacing between the sides of its U- 
shaped (or other-shaped) channel can be varied and/or wedges, bumps or other perturbation 
incorporated therein, so as to provide the desired friction fit. Such canting, other dimensional 
variations or perturbations can be incorporated into surfaces 406, 408, instead or in addition. 
5 Regardless, according to one practice of the invention, the goal is to achieve an air-tight and/or 
EMC-tight seal effective from 50%-100% and, preferably, between 90%-100%. 

The resulting increasing force necessary to slide the assembly 202 into the guides 
316— and corresponding increasing tightness of fit— is represented by the enlargened force 
10 arrow 410 shown in Figure 4B and, then again, in Figure 4C. To facilitate insertion or extrac- 
tion, earned leavers or other board insertion/extraction mechanisms (not shown) can be 
employed. 
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Digital Data Processor Chassis with Flow Balanced Air Intake into 
Multiple Circuit Board Assemblies 

Figure 5A is an exploded view of digital data processor 500 according to the invention 
5 utilizing a central How-balanced air intake. The digital data processor includes circuit board 
assemblies 502 constructed in the manner of assembly 100 (though all not necessarily include 
the same circuit components 104 nor carrying out the same digital data processing functions), 
as well as center inlet circuit board assemblies 504 constructed in the manner of larger format 
assemblies 2 1 8 (again, all not necessarily including the same circuit components 1 04 nor carry- 
10 ing out the same digital data processing functions). The digital data processor may also include 
prior art circuit boards. 

According to one practice of the invention, digital data processor is configured as a digi- 
tal signal processor, with one or more assemblies 502, 504 or boards configured as mother- 
15 boards, coprocessors and/or for performing signal processing boards (e.g., for fast Fourier 
transforms or other signal processing functions). Those assemblies/boards may include on- 
board memory, though, one or more other assemblies/boards may be solely dedicated to 
memory or other storage functions. Still further assemblies/boards may be dedicated to input/ 
output, fabric interconnects, or other desired functions. 

20 

The assemblies are disposed in a chassis (not shown) that holds them in position, e.g., 
during operation of the digital data processor 500. The chassis may include one or more card 
cages of any of the types described above or otherwise known in the art. Thus, for example, it 
may comprise a rack or open design of the type shown in Figure 2A described in connection 
25 therewith. According to a preferred practice of the inventions, the chassis comprises one or 
more cages of the type described in connection with Figures 3B-3D. Figure 5A assumes a 
chassis of the illustrated embodiment is of the type identified above as chassis 324, though it 
will be appreciated that chassis of other configurations and types may be used instead. 

30 The components are surrounded by cabinet sides 5 1 0, here arranged in a cubic configu- 

ration of typically 4-5 cubic feet, though configurations of other shapes and volumes may be 
used as well. One of the sides, 510a, includes or comprises a removable, rotatable or other 
panel facilitating access to the assemblies/boards 502, 504, e.g., for purposes of insertion and 
removal (e.g., via guides 316) and connection to (or disconnection from) electrical connector 

35 arrays 5 1 2 at the "back" of the chassis. Those arrays 5 1 2 are constructed and operated in the 
manner of electrical connector arrays 210, 212, 214, discussed above. 
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Air inlet grill 511 positioned and functioning in the manner of grill 208 is provided on 
side 510a, providing cooling air— typically of temperatures ranging up to 50°-55°C, though, 
extending up to 70°C — from outside the cabinet to assemblies 502 and boards 504. In the 
illustrated embodiment, the grill is positioned substantially at the center of the side 510a, as 

5 illustrated. More generally, the grill disposed centrally between the assemblies 502 in upper 
card cage or chassis slots and those in lower card cage or chassis and/or assemblies that make 
up the respective large format assemblies 504, in the manner indicated in the drawing. Though 
such a configuration facilitates drawing air from the ambient environment for distribution to, 
and cooling of, the assemblies, the grill 208 can be positioned elsewhere— preferably, so long 

1 0 as cooling air is available to be drawn over the flow impedance-matched (or -relationally sized) 
assemblies. Note that reversing the flow is possible while retaining the described benefits. 

In addition to chassis and assemblies/boards 502, 504, the digital data processor 
includes power subsystem 506 of the conventional type known and sized in accord with the 

15 power requirements of the other components. Illustrated subsystem 506 can accommodate 
3000-6000W (e.g., with up to 1500 watts/foot 3 for enclosed digital data processor 500 as a 
whole, and with up to 3000 watts/foot 3 per card cage or sub-chassis), though other embodi- 
ments may accommodate lesser and greater wattages. The subsystem is positioned "behind" 
the assemblies/boards and chassis, as shown, so as to leave a plenum 5 14a above (and a similar 

20 plenum 5 1 4b below) and plenum 5 1 6 behind for air flow exiting the assemblies/boards. Those 
skilled in the art will appreciate that the subsystem 506 can be disposed elsewhere, even outside 
the enclosure, so long as there is a pathway for the exiting air flow. 

Also included in digital data processor 500 are fans 508. Referring to Figure SB, these 
25 are conventional fans of the type known in the art sized to pull the requisite volume of cooling 
air flow 518 through grill 511, assemblies/boards 502, 504, and plenums 514, 516 and back out 
of the cabinet. Illustrated fans move a combined total of up to 1 ,000 cubic feet of air per minute 
(figures that represent an upper end of present air mover technology), though fans of lesser and 
greater capacity may be used as well. Though illustrated fans 508 are shown at the back of the 
30 cabinet, they can be positioned elsewhere (e.g., on racks external to the digital data processor 
500, with ducts leading to/from its enclosed chassis) that defines a pathway for cooling airflow 
through the assemblies/boards 502, 504. Moreover, while illustrated fans are positioned to pull 
air through the digital data processor, in alternate embodiments, they may be positioned to push 
air flow instead, or in addition. In alternate embodiments, the fans could be placed in the front 
35 of the chassis rather than the rear. 

Described above are circuit board assemblies, card cages, chassis, cabinets, digital data 
processors and methods of fabrication and operation thereof meeting the aforementioned 

25 
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objects. These provide for improved capacity, density, efficiency, ruggedness, and/or longevity 
of components that provide digital data processing functions. They can be used with air-cool- 
ing and more particularly, for example, forced air-cooling — as well as with other heat dissipa- 
tion techniques. Moreover, they can be implemented at low cost using existing components, 
5 materials and/or fabrication techniques. 

It will be appreciated that the embodiments shown and described here are merely exam- 
ples of the invention and that other embodiments incorporating changes therein fall within the 
scope of the invention. By way of non-limiting example, it will be appreciated that the spring- 

10 mounted (or other resiliently-mounted) heat sinks shown, for example, in Figure 1 may be 
disposed for contact with the substrate and/or a cold plate to which the substrate is mounted (or 
of which it is formed) instead of, or in addition to, circuit components. By way of further non- 
limiting example, it will be appreciated that, although the circuit board and circuit board 
assemblies described above are shown (and described) with circuit components (e.g., 104) and 

15 covers (e.g., 108) on only one side of the substrate, such components and/or covers may be 
provided on both sides of the substrate consistent with the teachings herein. In view of the 
foregoing, what we claim is: 

20 
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